Formation of intrahepatic bile ducts (IHBDs
I ntrahepatic bile ducts (IHBDs) are located downstream of the bile canaliculi and exhibit some characteristic functions in the adult liver. They secrete water and bicarbonate ions and provide a blood-bile barrier; these functions are attributed to orchestrated activities of ion and water transporters in cholangiocytes and firm intercellular tight junctions, respectively. Under chronic liver injury, IHBDs undergo dynamic remodeling (ductular reaction). The expanded bile duct branches benefit the injured parenchyma by accelerating the excretion of bile and toxic agents, providing liver stem/progenitor cells, and triggering further regeneration.
(1) However, the precise molecular mechanism remains unsolved.
In the fetal stage, IHBD development begins with commitment of hepatoblasts to the biliary lineage at embryonic day 13.5 (E13.5) in mice, followed by the formation of ductal plates, primitive bile duct-like structures, and further rearrangement into mature three-dimensional (3D) networks. (2) (3) (4) This convoluted course proceeds in accordance with the microenvironment around the portal veins. (5, 6) Previous reports have demonstrated that periportal mesenchymes regulate the differentiation of cholangiocytes and morphogenesis of IHBDs through transforming growth factor-β (TGF-β), (7) Jagged1 ( Jag1)-Notch2 signaling, (8) (9) (10) and some humoral factors. (11) Although Notch signaling (12) and increased bile flow (13) trigger the dynamic rearrangement, the mechanism by which discontinuously scattered bile duct-like structures are integrated into a hierarchical network is not fully understood.
Since the autonomic nervous system is recognized as an important participant of the microenvironment for liver development and regeneration, several roles of neurotransmitters in the liver have been reported. Norepinephrine from the synthetic nervous system and hepatic stellate cells suppress expansion of hepatic progenitor cells and attenuate liver regeneration. (14, 15) Nerve growth factor from cholangiocytes and mesenchymes plays a crucial role in modulating the intrahepatic nerve network. (16) Vasoactive intestinal peptide (VIP) is a neuropeptide secreted from a plexus of autonomic nerves surrounding the biliary tract (17) and stimulates bile secretion in the adult liver. (18) However, the expression and function of VIP during IHBD formation in the fetal and adult injured livers remain obscure. This study aims to elucidate the molecular mechanisms of cell-cell interaction between liver mesenchymal cells (LMCs) and biliary cells during IHBD development. Our previous report (19) showed that formation of bile duct-like structures is retarted in the developing liver of matrix metalloproteinase 14-deficient (MMP14-knockout [KO]) mice. Analysis of fetal LMCs in MMP14-KO livers revealed that VIP is a candidate humoral factor for regulating IHBD development. Our in vitro cholangiocyte differentiation model indicated that VIP promoted tubular morphogenesis and maturation of IHBDs by up-regulating ion/water transporters and promoting tight junction establishment. Furthermore, our in vivo data demonstrated the potential of VIP to facilitate the establishment of intercellular tight junctions in the bile ducts during both development and recovery from cholestatic liver injury. These data demonstrate that VIP derived from LMCs promotes the tight junction assembly in IHBDs.
Materials and Methods

animal stuDies
C57B/6J WT mice were purchased from Nihon SLC (Shizuoka, Japan) in the experiments of primary hepatoblasts, VIP-blockage, and 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) treatment. Systemic MMP14-KO mice with a C57BL/6J background have been reported by Oh et al. (20) MMP14-KO mice and wild-type (WT) littermates were obtained by crossbreeding MMP14 heterozygous mice. In the VIP-blockage experiments during embryogenesis, VIP/neurotensin hybrid peptide (VIPhyb; Bachem AG, Bubendorf, Switzerland), a VIP antagonist, was intraperitoneally injected into pregnant mice, as described. (21, 22) Briefly, 2 μg per body weight (grams) VIPhyb diluted with 200 μL phosphate-buffered saline (PBS) was injected into pregnant WT mice twice daily from E14. The control group was injected with 200 μL PBS. The embryos/ neonates were analyzed at E16, E18, and postnatal day (P) 1. In DDC-injured models, 7-8-week-old female C57B/6J WT mice were fed with 0.1% DDC containing chow or normal chow (Oriental Yeast, Tokyo, Japan) for 5 weeks. In the recovery phase, mice were fed with normal chow. For the VIP administration experiment, mice were intraperitoneally injected with recombinant VIP (1 nmol per mouse; Sigma, St. Louis, MO) dissolved in PBS or PBS alone every other day during the recovery phase from DDC injury. Blood samples were analyzed by DRI-CHEM 7000V (Fujifilm, Tokyo, Japan). All animals were treated according to the guidelines of Tokyo Medical and Dental University.
puRiFiCation anD CultuRe oF lmCs FRom Fetal liVeR
We used the method to dissociate E13.5 liver (23) to prepare single-cell suspensions of E16.5 mouse liver. With some modifications, flow cytometry analysis was performed according to the method employed by Suzuki et al. (24) Briefly, dissociated liver cells were incubated with biotin-conjugated p75 neurotrophin receptor (p75NTR) antibody (Ab) (Medical and Biological Laboratories, Nagoya, Japan), phycoerythrin (PE)-Cy7-conjugated anti-clusters of differentiation (CD)45 Ab (eBioscience, San Diego, CA), and PE-Cy7-conjugated anti-Ter119 Ab (eBioscience) for 60 minutes at 4°C. The One-Step Antibody Biotinylation Kit (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) was used to biotinylate the p75NTR antibody in advance according to the manufacturer's protocol. In some experiments, the cells were costained with fluorescein isothiocyanate-conjugated anti-delta-like noncanonical Notch ligand 1 (Dlk) Ab (Medical and Biological Laboratories), PE-conjugated anti-CD31 Ab (eBioscience), or PE-conjugated anti-CD71 Ab (eBioscience). After washing, the stained cells were incubated with anti-Cy7 microbeads (Miltenyi Biotec) for 15 minutes at 4°C, followed by negative selection of Cy7 + cells by a magnetic activated cell sorter (MACS) (Miltenyi Biotec 
CHolangioCytiC
DiFFeRentiation assay oF pRimaRy HepatoBlasts IN VITRO
Primary mouse hepatoblasts were differentiated into cholangiocytic lineage in 3D culture preceded by 2D preculture, as described (25) with some modifications. In brief, E13.5 liver was dissociated with collagenase, and the cells were incubated with anti-Dlk Ab for 30 minutes at 4°C. Dlk + cells were selected using MACS, and ~2 × 10 5 cells per well were seeded on a type I collagen-coated 12-well plate. Cells were cultured in hepatocyte culture media (DMEM supplemented with 10% FBS, 2 mM L-glutamine, 1× insulin/transferrin/selenium, 1× nonessential amino acid, 100 U/mL penicillin, 100 μg/mL streptomycin, and 10 −7 M dexamethasone). Media was changed every other day. After a 7-day culture, cells were suspended in gel consisting of a mixture of 50% biliary culture media, 40% Engelbreth-Holm-Swarm (EHS) gel, and 10% type I collagen at a density of 1 × 10 5 or 2 × 10 5 cells/mL, and cultured on cell culture inserts (Millipore, Billerica, MA). The biliary culture media was DMEM/F-12 supplemented with 1× insulin/ transferrin/selenium, 12.5 mM nicotinamide, 2.5 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid, 1× nonessential amino acid, 2% B27 supplement, 0.25 μM A-83-01, 10 μM Y-27632, 20 ng/mL recombinant epidermal growth factor, 100 ng/mL recombinant R-spondin 1, 100 U/mL penicillin, 100 μg/mL streptomycin, and 10 −7 M dexamethasone (suppliers are shown in the Supporting Information). When indicated, 10 −7 M VIP was added to the culture media from the initiation of culture. The media was changed every 3 days. The resulting cholangiocytic cysts were analyzed at day 12 of 3D culture. The numbers of cysts larger than 100 μm in diameter with clear lumina were counted in five randomly selected fields for each well; total number is shown in Results. Independent analyses were performed in triplicate. In the experiment of coculture of the above-mentioned cholangiocytes with LMCs, CD45 
KnoCKDoWn assay oF Vip ReCeptoRs 1 anD 2
For the knockdown assay of VIP receptor (R)1 and VIPR2, short hairpin RNA (shRNA) clones were constructed within the lentivirus plasmid vector pLKO.1-CMV-tGFP (Sigma). Two different sequences were prepared for each shRNA target, and shRNA for luciferase was used as control. The sequences of shRNA are shown in Supporting Table S2 . Lentiviruses expressing shRNA were produced in 293T cells, as described. (26) HPPL (a mouse hepatoblast cell line) (27) or primary hepatoblasts were infected with the lentiviruses at five multiplicity-of-infection at day 3 of 2D preculture before cholangiocytic differentiation. Cells were collected on day 7 of preculture and subjected to 3D culture for cholangiocytic differentiation. The number of green fluorescent protein-positive cysts larger than 50 μm with clear lumina was counted on day 12 of 3D culture.
HepatiC matuRation assay oF pRimaRy HepatoBlasts IN VITRO
Dlk
+ primary hepatoblasts were isolated from E14.5 mouse liver and subjected to hepatic differentiation, as described. (11, 28) Briefly, MACS-sorted E14.5 primary hepatoblasts were seeded on 0.1% gelatin-coated plates at a density of 6 × 10 4 cells/cm 2 . Cells were cultured in hepatocyte culture media supplemented with 10 ng/mL recombinant oncostatin M. The media was changed every other day. After 5 days of culture, the media was replaced by hepatocyte culture media containing 20% EHS gel; the cells were then cultured further for 2 days.
Further details of materials and methods are provided in the Supporting Information.
statistiCs
Prism software (GraphPad Software, San Diego, CA) was used to calculate SDs and the statistical significance of differences between samples. The Student t test and Mann-Whitney test were applied depending on assays. P < 0.05 was considered statistically significant.
Results
lmCs pRomoteD tHe FoRmation oF CHolangioCytiC Cysts IN VITRO
First, we assessed the cell-cell interaction between cholangiocytes and LMCs during bile duct formation in vitro. p75NTR is a specific cell-surface marker for LMCs in the developing liver. − hepatoblasts (whose expression of Dlk is slightly lower than that in E12.5-14.5 stages), CD31
+ liver sinusoidal cells, and CD71 + erythroblasts (Supporting Fig. S1A ). The p75NTR + cells showed significantly higher expression of desmin (Des), actin alpha 2 (Acta2), and LIM homeobox 2 (Lhx2) compared to E16.5 whole-liver lysates (Fig. 1B) . Their production of desmin was maintained during the culture (Fig. 1C) . On the other hand, the expression levels of hepatocyte, cholangiocyte, and sinusoidal endothelial cell markers were significantly lower in p75NTR + cells (Supporting Fig. S1B ).
Cholangiocytic differentiation of primary hepatoblasts was assessed in combination with trans-well coculture with LMCs. The number of WT cholangiocytic cysts was significantly increased when hepatoblasts were cocultured with WT mesenchymal cells, whereas the number was hardly affected by coculture with MMP14-KO mesenchymal cells (Fig. 1D ). Expression levels of Wnt5a, Jag1, and TGFβ1, which are known regulators of bile duct development, (7) (8) (9) (10) (11) were equivalent in MMP14-WT and MMP14-KO mesenchymal cells (Supporting Fig. S1C ). However, complementary DNA (cDNA) microarray analysis demonstrated that the expression of VIP decreased in MMP14-KO mesenchymal cells compared to WT (Fig. 1E, left panel) . No other humoral factors appeared in the top 10 down-regulated genes in MMP14-KO mesenchymal cells (Supporting Table S3 ). Both quantitative reverse-transcription polymerase chain reaction (qRT-PCR; Fig. 1E , right panel) and enzyme-linked immunosorbent assay ( Fig. 1F ) confirmed that VIP production significantly decreased in MMP14-KO mesenchymal cells. These data suggested that VIP derived from LMCs encourages the formation of cholangiocytic cysts from primary hepatoblasts.
Vip pRomoteD tHe FoRmation oF CHolangioCytiC Cysts tHRougH VipR1
Cysts were treated with VIP to investigate the role of VIP in cholangiocytic cyst formation. VIP promoted cyst formation in a dose-dependent manner ( Fig. 2A) . The number of cholangiocytic cysts significantly increased with VIP treatment at 10 −7 M (Fig. 2B ). Immunohistologic analysis revealed that two types of VIP receptors, VIPR1 and VIPR2, were expressed on the cysts (Fig. 2C ). To determine whether the receptors contribute to the promotive effect of VIP derived from mesenchymal cells, we assessed gene silencing of VIPR1 and VIPR2 in HPPL (a mouse hepatoblast cell line) (Fig. 2D ). Immunoblot analysis validated the successful silencing of the target genes (Supporting Fig. S2A ). The advantage of VIP treatment and coculture with LMCs in the formation of cholangiocytic cysts was canceled by gene silencing of VIPR1, whereas that of VIPR2 did not suppress the effects of VIP ( Fig. 2E; Supporting Fig. S2B ). Similarly, VIP failed to promote the formation of cysts from VIPR1 knocked-down primary hepatoblasts (Supporting Upper panel: schema of cholangiocytic cyst-induction strategy from E13.5 primary hepatoblasts. Two-dimensional preculture was followed by 3D culture. In the coculture assay, E16.5 LMCs were seeded on the bottom well on day 1 of 3D culture. Lower panel: representative images and relative numbers of cholangiocytic cysts (diameter >100 µm). Number of cysts was significantly increased by trans-well coculture with MMP14-WT LMCs, whereas it was hardly affected by MMP14-KO mesenchymal cells. (E) Hierarchical cluster analysis of gene expression based on microarray. Expression of VIP was decreased in MMP14-KO LMCs (left panel). qRT-PCR confirmed that VIP expression was significantly down-regulated in MMP14-KO LMCs (right panel). (F) VIP in supernatant derived from the cultured LMCs was analyzed by enzyme-linked immunosorbent assay. Results represent the mean ± SD of at least three separate experiments (Student t test). Scale bars (C,D), 100 µm. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: Acta2, actin alpha 2; FSC-A, forward scatter area; FSC-H, forward scatter height; Lhx2, LIM homeobox 2; PI, propidium iodide; SSC-A, side scatter area. Fig. S2C ). These data clearly indicated that VIP derived from LMCs enhances the formation of cholangiocytic cysts from hepatoblasts through VIPR1.
eXpRession oF Vip anD VipR1 DuRing tHe peRinatal stage IN VIVO
The function of VIP in the formation of IHBDs remains unclear. Therefore, we studied in vivo localization of VIP and VIPR1 during IHBD development. The expression of VIPR1 increased from E13 to P1 in a time-dependent manner and was maintained in the adult liver (Fig. 3A) . VIP expression in whole liver increased from E18 to P1 (Fig. 3B, upper panel) , and VIP expression in LMCs was elevated from as early as E16 and further in P1 (Fig. 3B, lower panel) . Double immunostaining analysis of VIPR1 and nidogen (Fig. 3C, upper panels) showed that VIPR1 is expressed in most bile duct-like structures from E16 to P1 (arrowheads), whereas VIPR1 was also detected in part of periportal parenchymal cells. In the adult liver, VIPR1 was clearly localized to IHBDs lined by nidogen (arrows) and was absent in the parenchyma. Moreover, production of VIPR1 was predominantly detected in epithelial cell adhesion molecule (EpCAM) + cholangiocyte-lineage cells (Fig. 3C , lower panels). Although VIPR1 + EpCAM − cells were present around portal veins at the E16 stage, they gradually diminished as the development proceeded. VIPR1 was strictly localized to EpCAM + cholangiocytelineage cells after the P1 stage (Fig. 3C, lower panels) .
To investigate the distribution of VIP-expressing cells in the developing liver, in situ hybridization of VIP was analyzed in P1 livers (Fig. 3D-F) . At P1, nerve terminals do not reach liver parenchyma and p75NTR is a specific marker for LMCs. (16) The number of VIP signals was significantly higher in the periportal area compared to the pericentral area (Fig. 3D) . VIP signals were colocalized in p75NTR + LMCs (Fig. 3D, yellow arrowheads) . The majority of VIP-expressing cells were p75NTR + mesenchymal cells in P1 livers, whereas 23.6% and 38.5% of VIP signals in the periportal and pericentral areas, respectively, were detected in p75NTR − cells (Fig. 3E ). To determine whether the VIP-expressing cells were portal mesenchymal cells, expression of VIP was assessed together with Vimentin (Vim, a common marker for LMCs) and Jag1 (a specific marker for portal mesenchymal cells) (Fig. 3F) . All VIP signals were observed in Vim + Jag1 + cells (Fig. 3F , yellow arrowheads). Vim + Jag1 − cells, which represent hepatic stellate cells, were also observed; however, these cells did not express VIP (Fig. 3F, arrows) .
These in vivo findings demonstrated that VIP and VIPR1 are predominantly expressed by perivascular mesenchymal cells in the portal area and by cholangiocyte-lineage cells consisting of bile duct-like structures, respectively, during the development of IHBDs. This is consistent with our in vitro data.
Vip pRomoteD CHolangioCytiC Cyst FoRmation By enHanCing tHe estaBlisHment oF tigHt JunCtions anD up-Regulating ion/WateR tRanspoRteRs in tHe Cysts
To clarify the molecular mechanism of how VIP promotes the formation of bile ducts from hepatoblasts, three possible hypotheses were verified: (1) accelerated cell proliferation, (2) assembly of intercellular tight junctions, and (3) establishment of the water transportation system. Neither the number of cells consisting of cholangiocytic cysts (Fig. 4A ) nor cyclin D1 expression (Fig. 4B ) increased in VIPtreated cysts, indicating that cell proliferation did (27) and following induction of cholangiocytic cysts. HPPL cells were transduced with lentivirus expressing shRNA-VIPR1, shRNA-VIPR2, or shRNA-Luc. Cells were subsequently subjected to 3D culture in combination with VIP treatment or coculture with LMCs. (E) Numbers of cholangiocytic cysts (diameter >50 µm) were counted on day 12 of 3D culture. The advantage of VIP treatment and LMC coculture was canceled by silencing of VIPR1 in HPPL but was maintained by silencing of Luc and VIPR2. Results represent the mean ± SD (Student t test). *P < 0.05, **P < 0.01. Abbreviations: CC, cholangiocytic cysts; Luc, luciferase; M/C, medium change; NTC, negative control. not contribute to the promotion of cyst formation by VIP. As for tight junctions, the expressions of grainyhead-like transcription factor 2 (Grhl2), ras-associated binding protein 25 (Rab25), and tight junction protein 1 (Tjp1) significantly increased in VIP-treated cysts compared with vehicle-treated ones (Fig. 4B) . TJP1 protein in VIP-treated cholangiocytic cysts also increased (Fig. 4C-E) , demonstrating that VIP encourages the establishment of intercellular tight junctions in the cysts.
To analyze the water transportation system in cholangiocytes, cystic fibrosis transmembrane conductance regulator (CFTR), aquaporin 1 (Aqp1), and solute carrier family 4 anion exchanger member 2 (SLC4A2) in the apical side and Aqp4 in the basolateral side were analyzed. The expression of Aqp1 significantly increased (Fig. 4B ) and AQP1 protein was more clearly localized to the cell surface in VIPtreated cysts compared to the control (Fig. 4C, right  panels) . CFTR was significantly up-regulated in VIPtreated cysts (Fig. 4B,D) . Cholangiocytic cyst formation was significantly impaired by CFTR inhibitor, and the advantage of VIP treatment was also attenuated (Fig. 4F) , indicating that VIP promotes cyst formation in a CFTR-dependent manner. There was no significant change in the expression of Aqp4 or Slc4a2 (Supporting Fig. S3A ). These data demonstrated that VIP promotes cholangiocytic cyst formation through the establishment of tight junctions and the up-regulation of CFTR and Aqp1.
Vip eXHiBiteD tHe potential to suppRess tHe Commitment oF epCam + HepatoBlasts into tHe HepatoCyte lineage
The effect of VIP on the fate of hepatoblasts was also investigated. Cholangiocytic markers in VIPtreated cysts were equivalent to those in the controls (Supporting Fig. S3B ). Moreover, neither the expression of hepatocyte nuclear factor 1β (HNF1β), HNF6, cytokeratin 7 (CK7), and CK19 nor the potential of cholangiocytic cyst formation was changed by VIP treatment during 2D preculture (Supporting Fig. S3C ), indicating that VIP hardly affects fate determination of the hepatoblasts to the cholangiocyte lineage.
Next, the influence of VIP on hepatic maturation of hepatoblasts was investigated in vitro ( Fig. 5A;  Supporting Fig. S3D,E) . (28) Expression levels of hepatic nuclear factor 4α (HNF4α), alpha-fetoprotein (Afp), and albumin (Alb) were not significantly changed (Fig. 5B) , whereas maturation markers, such as tyrosine aminotransferase (TAT) and tryptophan oxygenase (TO), were significantly decreased by VIP treatment (Fig. 5C) . VIP suppressed the expression of enzymes highly expressed in zone 1 (periportal) hepatocytes, which were arginase (Arg1) and carbamoyl-phosphate synthetase 1 (CPS-1). The expression of glutamine synthetase (GS), cytochrome P450, family 1, subfamily a, polypeptide 2 (CYP1A2), A,B) qRT-PCR analysis of (A) VIPR1 and (B, upper panel) VIP. Both were increased in a time-dependent manner during development in whole-liver analysis. VIP peaked at the perinatal stage, whereas VIPR1 was maintained in adults. Expression of VIP was also markedly increased in E16 to P1 in LMCs (B, lower panel). (C) Upper panels: double immunostaining of VIPR1 (green) and nidogen (red). Nuclei were stained with DAPI (blue). During bile duct formation (E16-P1), VIPR1 was detected in bile duct-like structures (white arrowheads) and parenchyma in periportal areas. In the adult liver, VIPR1 was exclusively localized in bile ducts (white arrows). and CYP2E1, which have a distribution localized to zone 3 hepatocytes, was unchanged (Fig. 5D) . Whereas VIPR1 was predominantly expressed in EpCAM + cholangiocyte-lineage cells in the perinatal stage (Fig. 3C) , it was detected in part of Alb + hepatoblasts in the periportal parenchyma of E16 and E18 liver and in Alb dull hepatoblasts, which present relatively weak expression of Alb, in P1 liver in vivo (Fig. 5E) 
Vip pRomoteD CHolangioCytiC Cyst FoRmation By HumaninDuCeD pluRipotent stem Cell-DeRiVeD Cells
To study the effect of VIP on cholangiocytic cyst formation by human cells, human-induced pluripotent stem cell-derived hepatic progenitor cells (iPS-HPCs) were differentiated into the cholangiocytic lineage (30) with or without VIP. VIP treatment increased the number of cholangiocytic cysts derived from iPSHPCs, whereas its advantage was canceled by VIP antagonist (Supporting Fig. S4A ). Expression of tight junction markers (Grhl2 and Rab25) and CFTR in the cysts was significantly increased by VIP treatment. Although there were some differences between species, VIP promoted the formation of human cholangiocytic cysts by encouraging the establishment of tight junctions and by up-regulating CFTR expression, in accordance with mice data (Supporting Fig. S4B-F) .
impaiReD Vip signaling DuRing DeVelopment attenuateD tHe estaBlisHment oF tigHt JunCtions in Bile DuCt-liKe stRuCtuRes IN VIVO
To validate the functional significance of VIP in the development of IHBDs in vivo, WT pregnant mice were treated with VIPhyb, an antagonist of VIP effective in mice during embryogenesis, as described (Fig. 6A ). (21, 22, 31) There was no significant difference in liver to body weight ratio between the VIPhyb and the control (vehicle) groups (Fig. 6B) . While the expression levels of CFTR and Aqp1 increased as the development proceeded in the control group, they were hardly elevated in the VIPhyb group, resulting in significantly lower expression than the control group in P1 liver (Fig. 6C) . Grhl2 and Rab25 in the VIPhyb-treated fetal livers were significantly down-regulated compared to the control at E16 and E18 (Fig. 6C) . To evaluate the effect of VIP blockage on TJP1 production in IHBDs alone, TJP1 protein in EpCAM + cells was quantitatively examined by immunohistologic staining and image analyzer. The ratio of TJP1 + EpCAM + to EpCAM + areas was significantly lower in the VIPhyb group compared with the control both in E18 and P1 liver (Fig. 6D) .
These data clearly demonstrated that VIP is necessary for the up-regulation of CFTR and Aqp1 and also plays an important role in the establishment of tight junctions during the development of IHBDs in vivo. Nuclei were stained with DAPI (blue). Production of TJP1 was increased by VIP and clearly lined the edge of cells. AQP1 was also clearly localized to the cell membrane in VIP-treated cysts. Scale bars, 100 µm (1, 3, 5, 7), 10 µm (2, 4, 6, 8) . (D) Immunoblot of TJP1 (upper panels) and CFTR (lower panels). Production levels in cholangiocytic cysts were both increased by VIP treatment. (E) Densitometry of TJP1 immunoblot shown in Fig. 4D , which was normalized by β-actin. (F) Representative views (left panels) and numbers (right panels) of cholangiocytic cysts treated with VIP and/or CFTR inhibitor. Cholangiocytic cyst induction was impaired in the presence of CFTR inhibitor. Scale bars, 100 µm. Results represent the mean ± SD (Student t test). *P < 0.05, **P < 0.01. Abbreviations: CC, cholangiocytic cysts; DMSO, dimethyl sulfoxide; inh, inhibitor; ZO-1, zonula occludens 1 (also known as TJP1).
tigHt JunCtion is impaiReD in DDC-inJuReD iHBDs, aCCompanieD By DoWnRegulation oF VipR1 anD Vip
Finally, the functional significance of VIP in the liver with IHBD damage was explored in an in vivo model. DDC-injured liver is a well-known experimental model of cholestatic injury and remodeling of IHBDs (ductular reaction). Moreover, the blood-bile barrier is impaired during DDC treatment because of the failure of tight junctions. (32) Consistent with that report, Tjp1 expression in the liver, particularly in IHBDs, significantly decreased after 5 weeks of DDC treatment as ductular reaction was induced and increased during the recovery period (Supporting Fig. S5A,B) . Although VIPR1 diminished by DDC treatment, its production was detectable as early as 1 week from DDC removal. It was further elevated in the later recovery phase (Supporting Fig. S5A,B) .
VIP expression in nonparenchymal cells was significantly down-regulated in DDC-treated mice and was gradually elevated during the recovery (Supporting Fig. S5C,D) . In situ hybridization assay of VIP, Vim, and Jag1 in the adult liver revealed that ~70% to 90% of VIP-expressing Vim + mesenchymal cells were positive for Jag1 both in healthy normal livers and in the recovery phase from DDC damage in the adult liver (Supporting Fig. S5E , yellow arrowheads). Although a few Jag1 − Vim + cells expressing VIP (white arrows) were detected, this result indicated that the majority of VIP-expressing cells are Jag1 + portal mesenchymal cells in the healthy and DDC-injured adult livers as well as neonatal livers.
ReConstitution oF tigHt JunCtions anD ReCoVeRy FRom HypeRBiliRuBinemia WeRe FaCilitateD By Vip tReatment
Based on the above-mentioned data, we assumed that restoration of impaired tight junctions in DDC-injured IHBDs is facilitated by exogenous VIP supplement. To verify this hypothesis, VIP was intraperitoneally administered to DDC-treated mice during the recovery phase (Fig. 7A) . DDC treatment caused weight loss in mice (Fig. 7B ) and marked elevation of aspartate transaminase (AST), alanine aminotransferase (ALT), total bilirubin (T-Bil), and direct bilirubin (D-Bil) in serum (Fig. 7C) . There was no significant difference between the VIP-treated and control groups regarding body weight changes, liver to body weight ratio, or serum AST, ALT, and T-Bil levels (Fig. 7B,C) . However, serum D-Bil was significantly lower in the VIP-treated group at the end of the recovery phase (Fig. 7C) . The expression of EpCAM and CK19 (markers for ductular reaction) and VIPR1 was not affected by VIP treatment (Fig. 7D) . Tjp1 was also not changed in whole liver. To evaluate the change of TJP1 in IHBDs alone, TJP1 protein in bile ducts (either original or remodeled) was determined by immunohistologic analysis and image analyzer. Compared to the control, TJP1 more clearly lined the EpCAM + ductular structures in the liver of the VIP-treated mice. The ratio of TJP1 + EpCAM + to EpCAM + areas was significantly higher in the VIP group compared with the control (Fig. 7E) , demonstrating that VIP improved the reconstruction of tight junctions in damaged bile ducts of DDC-injured liver. -1) , whereas it did not change those of zone 3 (GS, CYP1A2, and CYP2E1). (E) Double immunostaining of VIPR1 (green) and EpCAM (red). Nuclei were stained with DAPI (blue). Squared area in the top lane is shown in higher magnification in lower panels. VIPR1 was detected in part of Alb + hepatoblasts in periportal parenchyma of E16 and E18 liver and in Alb dull hepatoblasts in P1 liver. In the adult liver, Alb was undetectable in VIPR1 + cells. (F) Double immunostaining of EpCAM (green) and Alb (red). EpCAM + cells around portal veins expressed Alb in E16, E18, and P1 liver. EpCAM and Alb were mutually exclusive in the adult liver. Scale bars (E,F), 100 µm. Results represent the mean ± SD (Student t test). *P < 0.05, **P < 0.01. Abbreviations: Afp, alpha-fetoprotein; Arg1, arginase; CPS-1, carbamoyl-phosphate synthetase 1; GS, glutamine synthetase; OSM, oncostatin M; TAT, tyrosine aminotransferase; TO, tryptophan oxygenase.
There was no obvious improvement in fibrosis (Supporting Fig. S6A ) or necrosis (Supporting Fig. S6B ) by VIP treatment. CFTR was markedly up-regulated by DDC feeding (Supporting Fig.  S6C ), suggesting that this model is not suitable for assessing VIP involvement in CFTR expression.
Discussion
This study reports the first evidence that VIP released from LMCs promotes the establishment of tight junctions and the expression of ion/water channels during the development of IHBDs both in vitro (Fig. 4) and in vivo (Fig. 6) . Furthermore, the DDC injury model demonstrated that VIP facilitates the reconstruction of the impaired tight junction and further contributes to the improvement of hyperbilirubinemia during cholestatic liver injury (Fig. 7) .
Tight junctions are essential for the establishment of a blood-bile barrier in bile canaliculi and IHBDs. Previous reports showed that several molecules regulated by VIP/VIPR1 signaling commit to the establishment of tight junctions; cyclic adenosine monophosphate (cAMP)/protein kinase A (33) and protein kinase C pathways (34) are activated downstream of G-protein-coupled receptors (GPCRs) and promote Tjp1 expression and tight junction integration. Peroxisome proliferatoractivated receptor (PPAR) (34) also regulates tight junction assembly, which was up-regulated in VIPtreated cholangiocytic cysts along with GPCR signaling pathways in our data (Supporting Table S4 ). VIP has been reported to increase the expression of Tjp1 in intestinal epithelium (35) and retina. (36) More recently, it is argued that CFTR also regulates expression and distribution of tight junction-related proteins, including various claudins, occuldins, and Tjp1. (37, 38) Grhl2 and Rab25 cooperate to promote the expression and transportation of claudins to plasma membrane. (39) Taken together, it is likely that VIP/VIPR1 signaling orchestrates tight junction assembly and its appropriate localization in IHBDs by directly increasing expression of Tjp1 and through various intracellular signaling that up-regulates CFTR, Grhl2, and Rab25 (Fig. 8) .
Increased influx of bile is proposed as a major trigger for the structural rearrangement of IHBDs into a mature and hierarchical network, which takes place from E17 or later. (13) As such, it is highly possible that VIP contributes to the dynamic reorganization of IHBDs in the perinatal stage by up-regulating CFTR and Aqp1 and subsequently enforcing water transportation by cholangiocytes. VIP promotes the recruitment of CFTR to the cell-surface membranes in a human lung cancer cell line, primary bronchial epithelial cells, (40) and mouse salivary gland cells. (41) In cholangiocytes, secretin, which shares common cAMP-dependent signaling with VIP, enhances the trafficking of intracellular vesicular compartment including CFTR, Aqp1, and Slc4a2 to apical plasma membrane in rat models and as a consequence triggers ductular bile secretion. (42, 43) Our data were distinctive from these reports regarding the point that VIP enhanced the total expression of CFTR and Aqp1 and did not only influence their distribution. Transcriptional regulation of these channels by VIP may be a unique mechanism in the developing stage and is lost in mature adult cells.
VIP suppressed the expression of mature and zone 1 hepatocyte markers, including key enzymes for the ornithine cycle and other amino acid metabolism, in the hepatic maturation assay in vitro (Fig. 5) . Pregnant WT mice were injected with 2 μg per body weight (g) of VIPhyb, a VIP antagonist, diluted with PBS twice daily from E14 to the day of analysis. The control group was injected with PBS. Embryos were analyzed at E16, E18, and P1. (B) Liver to body weight ratio at E16, E18, and P1. There was no significant change between control and VIPhyb groups. (C) qRT-PCR of CFTR, Aqp1, Grhl2, and Rab25. All these genes increased as development proceeded in the control group. In the VIPhyb group, CFTR and Aqp1 were hardly elevated during development and were significantly lower than the control at the P1 stage. Grhl2 and Rab25 were also significantly down-regulated compared to the control at E16 and E18. (D) Left panel: double immunostaining of TJP1 (green) and EpCAM (red). Nuclei were stained with DAPI (blue). Scale bars, 100 µm. Right panel: areas of EpCAM + and TJP1 + EpCAM + cells, respectively, were quantified. TJP1 + EpCAM + to EpCAM + ratio was significantly decreased by VIPhyb treatment. Nine to 12 randomly selected fields from three different E18 and P1 livers were analyzed in the control and VIPhyb groups. Results represent the mean ± SD. (B,D) Two-tailed Mann-Whitney test; (C) two-tailed t test. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: BDS, bile duct-like structure; n.s., not statistically significant.
Although EpCAM + cells derived from neonatal liver show the characteristics of cholangiocyte-lineage cells, they exhibit the potential to differentiate into hepatocytes and express these enzymes in vitro. (29) Our in vivo data demonstrated that VIPR1 is detectable in EpCAM + Alb +~dull cells in zone 1 of perinatal-stage livers (Fig. 5) . Moreover, cDNA microarray analysis of cholangiocytic cysts revealed that genes and pathways highly expressed in mature hepatocytes were down-regulated in the presence of VIP (Supporting Fig. S3F ; Supporting Table S4 ). Taken together, our data and the previous report (29) suggest that VIP derived from periportal mesenchymal cells contribute to the proper differentiation of EpCAM + Alb +~dull cholangiocyte-lineage cells by preventing their commitment into hepatocyte lineages during perinatal stages, even though further study will be required to address this issue (Fig. 8) .
Our data showed for the first time that LMCs have the potential to secrete VIP, a major neuropeptide that is widely distributed in the nervous system. Innervation of the liver is initiated no earlier than P2. (16) Considering that LMCs exhibit some phenotypes similar to nerve cells, (44, 45) it is conceivable that they secrete VIP on behalf of neurons in the perinatal stage. In congruence with the idea that VIP provides a favorable microenvironment for bile duct formation in developing liver, VIP expression was predominantly observed in the Jag1 + periportal mesenchymal cells (Fig. 3) .
VIP expression in MMP14-KO mesenchymal cells was significantly decreased compared to that in WT (Fig. 1) . Gene ontology analysis of cDNA microarray data of MMP14-WT and MMP14-KO LMCs indicated that gene sets related to phospholipase C (PLC) were down-regulated in MMP14-KO cells (data not shown). PLC is essential for activating classical protein kinase C signals, which control the function of activator protein 1, one of the transcriptional factors regulating VIP gene expression. (46) Thus, it can be assumed that suppressed activity of PLC resulted in the down-regulation of VIP in MMP14-KO LMCs. However, further investigation is required to fully understand the mechanism of how MMP14 regulates expression of VIP.
Failure of tight junctions is observed in various cholestatic diseases, such as primary biliary cholangitis and primary sclerosing cholangitis, (47) as well as biliary tract cancer. (48) Our DDC injury model demonstrated that VIP promotes the establishment of tight junctions not only in the developing liver but also in the liver with cholestatic diseases (Fig. 7) . It is presumed that the reconstitution of the blood-bile barrier contributed to efficient bile drainage and prompt recovery from cholestasis, suggesting the therapeutic potential of VIP/VIPR1 regulation in cholestatic liver diseases. VIP failed to ameliorate fibrosis and necrosis in our experimental model. However, its therapeutic effect can be enhanced by up-regulation of VIPR in cholangiocytes, which was decreased in DDC-injured livers. Furthermore, recovering the impaired VIP/VIPR1 signaling in IHBDs could be a new therapeutic strategy for slowing the progression of cholestatic diseases.
